The puromycin-induced dissociation, at high ionic strength, of active ribosomes from reticulocytes resulted in the release of protein-free, apparently undegraded, messenger RNA for globin, which was identified by centrifugation on a sucrose density gradient. This procedure should make messenger RNA from various cells available for isolation on a large scale, and has several advantages over procedures that use detergents or magnesium chelators.
Recently (1) it was shown that the stability of the interaction between the two ribosomal subunits in an active ribosome depends largely on the presence of the nascent polypeptide chain, not on the presence of messenger RNA. At a critical concentration of monovalent and divalent ions, dissociation into subunits takes place selectively in inactive, chainless ribosomes; under the same ionic conditions, active, chainbearing ribosomes dissociate only after their nascent chains have been released by puromycin (1) .
In this paper, I demonstrate that the selective dissociation of ribosomes can be used to release messenger RNAs, which become detectable as free and protein-free molecules only after puromycin-induced disassembly of active ribosomes. Their subsequent isolation is possible because the only other naked RNA released is transfer RNA. All ribosomal RNAs are retained in the dissociated, but otherwise intact, functionally competent ribosomal subunits.
Preliminary results indicate that the procedure is widely applicable. Its results are illustrated in this report by data obtained on reticulocyte ribosomes, since in this case a comparison with other procedures is possible. A messenger RNA fraction with sedimentation coefficient about 9 S has been isolated from reticulocyte ribosomes by detergent treatment (2, 3) , and available evidence suggests that it may direct globin synthesis in vitro (4, 5 Sucrose density gradient analysis of ribosomes was as previously described (1).
RESULTS
As with hepatic ribosomes (1), reticulocyte ribosomes were only partially dissociated in the absence of puromycin (Fig.  1A) , while in the presence of puromycin the dissociation is complete (Fig. 1B) . Comparison of the areas under the small subunit peaks in Figs. 1A and B shows that 40-50% of the ribosomes have dissociated in the absence of puromycin. Since these are inactive ribosomes, their amount may seem high; it should be noticed, however, that our ribosome fraction contains the total free ribosome population of the cell, comprising not only the active ribosomes, largely in the form of polysomes but also the inactive, largely monomeric ribosomes, including a few ribosomal subunits. The heterogeneity of this fraction is reflected in sedimentation profiles (not shown), which in addition to the characteristic polysome peaks have a large peak of monomers.
The concentrations of monovalent ions and magnesium used for the experiments in Fig. 1 were chosen after extensive study of the conditions required for the dissociation of hepatic ribosomes. That study showed (manuscript in preparation) that below a certain magnesium concentration, dissociation of active ribosomes was initiated, as evidenced by the appearance of the large subunits bearing peptidyl-tRNA. Almost coincident with the start of the dissociation of the active ribosomes was the appearance of a derivative of the large ribosomal subunit, which could be easily identified as a peak sedimenting slightly faster than the small subunit. The appearance of this derivative (rather than a laborious assay for peptidyl-tRNA) was found to be a convenient signal for the beginning of the dissociation of active ribosomes. To avoid massive dissociation of active ribosomes, I chose a magnesium concentration slightly above that at which derivatives of the large subunit were first detected.
Under these ionic conditions, mRNA should appear as a peak in the gradient after the puromycin-induced dissociation of active ribosomes, (in the absence of puromycin, it should sediment to the bottom, still in a polysome complex). Such a peak could be identified as mRNA, since it should sediment with a coefficient different from that of tPNA (the only other RNA species released by puromycin), and since RNAs from other sources are excluded by the conditions of the procedure: ribosomal RNAs, including "nicked" ribosomal RNAs, remain complexed in the ribosomal subunits, which retain their biological activity, and other RNAs, possibly of nuclear origin, which could be adsorbed to the ribosomes during cell fractionation should be desorbed at high concentrations of salt, irrespective of the absence or presence of puromycin.
Close inspection of Fig. 1B indeed shows a small peak (marked G), not seen in Fig. 1A , which therefore fulfills the criteria mentioned above for mRNA. A more convincing demonstration of this peak can be seen in Fig. 2 , where a much larger amount of ribosomes was centrifuged long enough to sediment the small subunit to the bottom of the gradient. A large symmetrical peak (G) is seen in the presence of puromycin (Fig. 2B) , at the point where a barely visible peak appears in the absence of the drug (Fig. 2A) . From the sedimentation rate of marker RNAs, the sedimentation coefficient can be estimated at 11.3 S (7). The RNA in the G peak in Fig. 2B 20 15 10 5 Froctions   FIG. 2 (A, B) . Same experimental conditions as in Fig. 1 A and B, respectively, except that 0.4-ml aliquots were layered and centrifuged for 7 hr. (C) 5, of pancreatic RNase solution (1 mg/-ml) was added to 0.5 ml of puromycin-dissociated ribosomes (Fig. 1B) amounts to -0.25 A260 unit, which is -1% of the 30 A260 units originally loaded on the gradient. The data do not permit a similar estimation of tRNA, because the absorption in the tRNA region in Fig. 2A , which is obscured by the high A2, of puromycin in Fig. 2B , represents mostly hemoglobin (visible as a sharp red band in the gradient) that was adsorbed to ribosomes during the initial steps of the procedure: homogenization and cell fractionation, carried out at low salt concentrations. As expected for mRNA, the material under peak G is sensitive to RNase (Fig. 2C) , at concentrations at which the sedimentation profile of ribosomal subunits remains unaffected (not shown).
The data thus far obtained strongly support the assumption that the technique qf differential ribosomal dissociation by a combination of purothycin and high concentrations of salt allows the identification of mRNA among the other constituent or adsorbed RNAs of the polysomes. The next questions tobe answered are: (a) is all of the polysomal mRNA released? (b) is the mRNA released intact, so that it could function in vitro and code for the synthesis of a complete specific polypeptide? These questions are partially answered in Fig. 3 , in which results obtained by the salt-puromycin procedure (Fig. 3A) are compared to the results yielded by the conventional detergent method (Fig. 3B) . It can be seen that peak G in Fig. 3A has its expected counterpart in Fig. 3B . The sedimentation rates of the two peaks are identical, but the peak in Fig. 3B has a shoulder on its ascending part and is slightly higher on account of incomplete separation from 18S rRNA. On the strength of these findings, it appears that the release of mRNA by the salt-puromycin procedure is either extensive or complete (similar amounts yielded by the two procedures) and that the mRNA released is naked and probably undegraded (identical sedimentation coefficients). The lack of associated protein(s) has been confirmed (preliminary results) by equilibrium centrifugation in CsCl gradients. Fig. 1. (B) 50 ,ul of 10% sodium dodecyl sulfate and 0.25 ml of water were added to 0.2 ml of the ribosome solution, and the mixture was incubated for 10 min at 37°C. In both cases, 0.4-ml aliquots were layered on 5-20% sucrose gradients in 500 mM NaCl-50 mM Tris-HCl (pH 7.5)-5 mM MgCl2 and centrifuged in an SB 283 rotor of an IEC centrifuge at 20'C for 6 hr at 39,000 rpm.
DISCUSSION
The procedures described in the literature for the release, identification, and isolation of mRNA from eukaryotic polysomes are generally based on the use of two types of agents: detergents, or magnesium chelators.
Detergents disrupt all nucleic acid-protein interactions in the polysome and thereby lead to the extraction of all species of polysomal RNA, whether constituent or adsorbed. Since mRNA amounts to only 1% of the extracted RNA, its identification by pulse labeling and heterogeneous sedimentation rates of 6-30 S cannot be considered satisfactory. These two criteria cannot distinguish between RNA extracted from the nucleus during cell fractionation, then adsorbed on ribosomes and finally coextracted from the latter with the constituent polysomal RNAs on the one hand, and fragments of rRNA, resulting from a preferential nucleolytic degradation of newlysynthesized ribosomes (8) , on the other. Only in cases in which the populations of mRNAs approach homogeneity, because of the predominance of one species [for example in reticulocytes (2, 3) It should be understood that the final test as to the integrity of the mRNAs isolated by the new procedure could come only from assays of their biological activity. It should also be stressed that although the procedure should be widely applicable, it is expected to yield a population of mRNAs whose homogeneity or heterogeneity will depend on the type of cell and its activity at the time of mRNA isolation. The sorting out of mRNA species from a heterogenous mRNA population remains an unsolved problem.
Finally it should be noted that the sedimentation coefficient of 11.3 S reported here for the presumptive globin mRNA is significantly higher than that of 9 S reported by others (2, 3). By Gierer's formula (11), these coefficients correspond to molecular weights of 228,000 and 138,000, respectively. The former RNA would have an excess of -230 nucleotides over the -450 nucleotides required to code for the globin chains.
A similarly large mRNA for globin was recently detected by electrophoresis in polyacrylamide gels (12) . Nucleotide sequence studies on RNA phages (13) have shown that these RNAs contain at least two untranslated sequences of nucleotides, one prior to the initiating codon on its 5' end and the other posterior to the terminating codon on its 3' end. Such a nontranslated sequence of nucleotides may be part of all mRNAs, and may thus explain the excess of nucleotides found in the mRNA for globin. I thank Dr. George E. Palade for his encouragement and his help in the preparation of this manuscript. This work was sup-Biochemistry: G. Blobel
